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In optical interferometry, the Michelson inter-
ferometer stands as one of the most important
instruments. Two significant aspects of this interfer-
ometer are: (1) the path length difference (PLD)
between the two interfering beams can be varied
continuously and by any desired amount, and (2)
the two beams have complete spatial overlap regard-
less of their PLD. This allows the interferometer to
measure the temporal (or equivalently, the spectral)
properties of the incoming electromagnetic radia-
tion. The principle behind the Michelson interfer-
ometer is used in numerous instruments, including
many modern-day telescopes and most Fourier
transform spectrometers. It is therefore of interest to
pursue an x-ray analogue to the Michelson interfer-
ometer. There have been several proposals for the x-ray
equivalent of the Michelson’s optical interferometer
[1,2], but, until recently, none have been realized.

In the x-ray regime, beam manipulation is
severely restricted because Bragg and/or Laue
reflections have to be used to split and recombine
the beam. X-ray mirrors can be used in special situ-
ations, but their utility is limited by their small
(mrad) reflection angles. The first x-ray interfer-
ometer was the triple-Laue interferometer pioneered
by Bonse and Hart [3]. X-ray interferometers have
been used for phase-contrast imaging [4,5], meas-
urement of atomic scattering factor dispersion cor-
rections [6,7], high-precision metrology and dis-
tance calibration [8,9], the determination of the
Avogadro number [10], and the measurement of
beam coherence [11,12].

Appel and Bonse [13] first reported an x-ray
interferometer with a variable PLD. This was the
first true x-ray analogue of the Michelson optical
interferometer. The small PLD, ~1 µm, however,
limited its use. Izumi et al. [12] have reported on a
wavefront-dividing x-ray interferometer with a fixed
large (2.4 mm) PLD. By nature of its wavefront-
division, however, the interfering beams suffer from
a large 2 mm lateral shift (LS); i.e., the interfering
beams do not overlap completely in space, and only
the parts of the beam that do overlap interfere. It is
thus not an x-ray analogue of the Michelson optical
interferometer. 

In this paper, an x-ray analogue of the Michelson
optical interferometer, based on a variation of the all-
Bragg Graeff-Bonse x-ray interferometer [14,15], is
reported. This amplitude-division x-ray interferometer
incorporates a large (~1 mm) variable PLD in the two
interfering beams. 

The interferometer uses complementary asym-
metric Si(440) and Si(404) atomic planes in Bragg
geometry. The beam is split into two coherent parts
at the first reflecting surface (splitter) and recom-
bined at the last reflecting surface (analyzer) after
two additional Bragg reflections (mirrors). The fun-
damental energy for this interferometer is 7.46 keV
for the Si(440)/Si(404) reflections. It is an ampli-
tude-dividing interferometer, and, in theory, spatial
beam coherence is not required for operation. This is
fundamentally different from the wavefront-dividing
interferometers. The approximate full-width half-
maximum (FWHM) angular acceptance (Darwin width)
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and energy widths of the beam transmitted through the
interferometer are, respectively, ωD = 5 [0.4] µrad and
∆E = 22 [3.4] meV at 7.46 [14.92] keV. 

In order to incorporate a large variable PLD
between the two beams, a small angle (1°) was partly
cut into the mirror (middle two reflections) faces in
one of the arms of the interferometer (Fig. 1). The
PLD thus varies depending on the incident beam
location on the beam-splitter surface. In the experi-
ment, varying the PLD involves translating the
interferometer in the direction lateral to the incident
beam. The small 1° additional cut causes very small
angular changes in the beam directions (~1 µrad)
that result in a small horizontal lateral shift or defo-
cus at the analyzer surface on the order of 70 nm for
the 7.46 keV-Si(440)/Si(404) case. For the
14.92 keV-Si(880)/Si(808) case, the LS is about
four times smaller. Since the horizontal coherence

length of the transmitted beam is expected to be in
the 10 [100] µm range for the 7.46 [14.92] keV
case, this small intrinsic shift can be neglected and
will have no effect on the fringe visibility.

If the crystal was perfectly fabricated and the
mirror symmetry perpendicular to the optical axis
was preserved, there would be negligible LS every-
where (i.e., almost perfect overlap of the two partial
beams at the exit surface), zero PLD on the flat part
of the surfaces, and a linearly varying (depending on
the beam location) PLD on the angled parts. Thus,
in this respect, this interferometer is an x-ray ana-
logue of the Michelson interferometer. In this design,
a very large PLD (millimeters) is easily achievable
and is limited only by the size of the silicon crystal.
A larger angular cut in the mirror surfaces will also
increase the achievable PLD.

Due to the limited accuracy of the fabrication
and etching process, however, perfect symmetry of
the crystal was not achieved. The crystal surfaces
were measured using a high-resolution sapphire
probe profilometer. Based on these measurements,
the PLD and the LS of the two beam paths for each
entrance point on the splitter surface were calculated
(Fig. 2). Points for x > 0 denote the case in which the
beam is on the flat part of the mirror(s), while x < 0
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FIG. 2. The path length difference (PLD) and lateral
shift (LS) of the crystal as a function of the beam
position, calculated based on measurements done
with a profilometer.  x > 0 is the case in which the
beam is on the flat part of the mirrors, and x < 0 is
the case in which the beam is on the 1º slope part
of the mirrors.  While the variations in PLD were
intended, the variations in LS were not (see text).
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FIG. 1. Picture (a) and schematic (b) of the present vari-
ation of the Graeff-Bonse interferometer. The beam posi-
tion shown is for x = 0, i.e., at the edge between the flat
and the 1º slope part of the mirrors. The diffracting planes
are sketched in the first reflecting surface (splitter).
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denotes the case in which the beam is on the part of
the mirror (on one arm of the interferometer) where
a 1° slope was cut.

The measurements were done on the SRI-CAT
1-ID beamline at the Advanced Photon Source
(APS). An Si(111) double-crystal monochromator,
which diffracts vertically, was upstream of the inter-
ferometer. The interferometer itself, 60 m away from
the source, diffracted in the horizontal (electron
orbit) plane. The APS undulator A source character-
istics at 8 keV are σx = 359 µm [σy = 21 µm] for the
horizontal [vertical] size and σx′= 24 µrad [σy′ = 6.9 µrad]
for the divergence. The slit sizes before the detector
were set at 25 µm × 25 µm.

The experiment consisted of measuring the
interference fringe visibility as a function of the
PLD. Inserting a Plexiglas wedge in one path and
translating it in the thickness gradient direction gen-
erates the fringes. A flat (and stationary) piece of
Plexiglas was inserted into the other path to com-
pensate for the average absorption loss due to the
wedge. For a 4° wedge, a 0.5 mm wedge translation
is equivalent to a 2π phase shift between the two
beams at 7.46 keV (and 4π at 14.92 keV). A typical
wedge scan at 7.46 keV is shown in Fig. 3. A wedge
scan was done for each position of the beam on the
crysta l ,  and the  resul t ing fr inge contrast
( I m a x– I m i n) / ( I m a x+ I m i n) was plotted as a function
of these positions. The data for the two energies are
shown in Fig. 4. The squares (7.46 keV) and the cir-

cles (14.92 keV) are the data, and the lines are the
computer simulations based on the measured PLD
and LS for each beam position on the crystal. 

The data analysis gives a longitudinal coher-
ence length λL = 25 [175] µm and a horizontal
transverse coherence length λT = 30 [200] µm at
7.46 [14.92] keV. These values are within 10% of
expectations, based on the transmission spectrum
and angular acceptance of the interferometer.
Ideally, this interferometer would have negligible
LS, and the fringe visibility would depend only on
the longitudinal beam coherence. However, due to
fabrication imperfections (Fig. 3), both longitudinal
(λL) and transverse (λT) coherence lengths were
involved.

In conclusion, the first x-ray interferometer
with a large and variable path length difference has
been constructed and successfully tested. Fringe
visibility measurements agree with calculations. 
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FIG. 3. A typical wedge scan at 7.46 keV and x = 0 mm.
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FIG. 4. Measured interference fringe visibility plotted
as a function of the beam position x.  The squares
[circles] are the data points for 7.46 [14.92] keV,
while the lines are from the fringe visibility analysis
based on the crystal measurements in Fig. 2.
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